We may therefore conclude that the sharp spectral peaks observed during VE are mainly due to vibration-induced muscle activity rather than motion artifacts.
Introduction
It is extensively reported that vibration exercise (VE) can have a beneficial effect on muscle strength and power performance, possibly due to enhanced neural excitation on skeletal muscles (Delecluse et al. 2003; Cardinale and Bosco 2003; Rees et al. 2008; Cochrane and Stannard 2005; Rittweger et al. 2003) . Various forms of vibration training have been proposed in the last decade. Whole body vibration (WBV) platforms have been popular training devices in recreational and athletic training as well as for rehabilitation purposes (Cardinale and Bosco 2003; Cochrane and Stannard 2005; Cardinale and Lim 2003; Rees et al. 2008) . The acute and long-term effects of WBV training have been investigated by several authors (Abercromby et al. 2007; Cochrane and Stannard 2005; de Ruiter et al. 2003a; Rittweger et al. 2000 Rittweger et al. , 2003 Blottner et al. 2006; de Ruiter et al. 2003b; Kvorning et al. 2006) . Vibrating dumbbells (Bosco et al. 1999) , vibrating pulley-like devices (Issurin et al. 1994; Issurin and Tenenbaum 1999) , and vibrating barbells (Poston et al. 2007 ) have been proposed for the upper limbs. Other devices producing a sinusoidal force-modulated stimulation (Kinser et al. 2008; Sands et al. 2006; Mischi and Cardinale 2009; Xu et al. 2012) have also been shown to acutely enhance strength, power, and flexibility, mainly due to the neuromuscular demands placed by such force modulation on skeletal muscles.
The beneficial effects of VE have been previously attributed to a specific reflex mechanism named tonic vibration reflex (TVR) Hagbarth and Eklund 1966; Hagbarth et al. 1976; Bongiovanni et al. 1990) . TVR derives from the stimulation of Ia-afferents when applying a sinusoidal stimulation directly to a muscle or a tendon (Bongiovanni et al. 1990; Fromm 1976; Burke et al. 1976 ). However, TVR seems also to be modulated by alterations in spindle sensitivity through γ control (Matthews 1966; Ribot-Ciscar et al. 2000) . By applying a vibration directly to the tendon, previous studies have suggested TVR to be composed of motor unit activity synchronized and unsynchronized with the vibration cycle (Hori et al. 1989; Romaiguère et al. 1991) . Studies have also indicated that TVR may contribute to muscle fatigue and/or increase the risk of cumulative trauma disorders observed after repetitive exposure of the hand to vibration (Park and Martin 1993) .
The underlying mechanisms explaining the effect and risk of VE are still unclear, limiting the possibilities to introduce and exploit vibration training in various populations. To better understand those mechanisms, surface electromyography (EMG) is widely used to measure the level of neuromuscular activity in the targeted muscles exposed to VE. In general, the EMG amplitude can be estimated by the root mean square value of the EMG signal and used as an indicator of force production (Staudenmann et al. 2010) . The mean frequency (MF) and average conduction velocity (CV) of the surface EMG signal are indicators of myoelectric muscle fatigue (Naeije and Zorn 1982; Moritani et al. 1986 ). The MF can be estimated as the first statistical moment of the EMG amplitude spectrum (Merletti et al. 1990 ). The CV of the motor unit action potentials along the muscle fibers can be estimated using two or more recording electrodes placed on the skin along the muscle fibers with known inter-electrode distance (Hunter et al. 1987; Farina and Merletti 2004; Farina and Negro 2007; Mischi et al. 2010; Rabotti et al. 2010) .
During VE, sharp peaks can be observed at the vibration frequency and its harmonics in the spectrum of the surface EMG recordings. In some studies, these peaks have been interpreted as the result of motion artifacts (Abercromby et al. 2007 ). These results were confirmed by other authors using dummy-like electrodes, i.e., electrodes placed on the patella (Fratini et al. 2009 ). Possible mechanisms contributing to the generation of motion artifacts were previously suggested to be variations in the half-cell potential caused by ionic gel movement at the metal-electrolyte interface and the skin-electrode interface (Kahn 1965) , skin potential variations caused by skin stretch (Tam and Webster 1977; Ödman and Oberg 1982; Ödman 1981; de Talhouet and Webster 1996) , and movement of the recording cables (Huhta and Webster 1973; Simakov and Webster 2010) . Based on these findings, band-stop filters (Mischi and Cardinale 2009; Mischi et al. 2010 ) and accelerometery-based adaptive filters (Xu et al. 2013) were applied to the EMG signals recorded during VE to suppress those frequency peaks.
On the contrary, some studies analyzed the frequency spectrum of the EMG signals recorded during resting condition and voluntary contraction, while vibration was applied perpendicularly to the distal tendons of the hand flexor muscles (Martin and Park 1997) . The spectra were found to be flat while resting and to exhibit prominent peaks correlated with the vibratory stimulus during voluntary contraction. The prominent peaks observed during voluntary contraction were therefore interpreted as TVR, representing the degree of motor unit synchronization. Some other studies compared the EMG signal recorded by contacted electrodes placed over the soleus muscle with those recorded by dummy electrodes placed on insulating tape fixed on top of the skin (Ritzmann et al. 2010) . They found an average EMG amplitude ratio of 7 % between the dummy electrodes and the contacted electrodes at the vibration frequency. In these studies the spectra and latencies of the EMG signals recorded during WBV matched those of the stretch reflex mechanically evoked by an ankle ergometer (Ritzmann et al. 2010) . Based on these findings, the same conclusion as in (Martin and Park 1997) was drawn.
It is evident that the interpretation of the nature of the EMG recordings during VE is controversial. Indeed, before drawing conclusions based on the EMG recordings, their nature has to be examined carefully. The aim of the present study is to clarify whether the sharp peaks at the vibration frequency and its harmonics during VE consist primarily of motion artifacts or stretch reflex. To this end, three measurements were carried out independently.
First, in vitro measurements (IVT) were employed to test whether the movement of the recording cable and electrodes during vibration causes motion artifacts in the electrical signal.
Secondly, in vivo measurements at resting condition (IVV R ) were carried out to provide a signal that would mainly be influenced by motion artifacts, with only little interference from muscle signals. This signal can be used to examine motion artifacts caused by movement of the ionic gel, causing variations of the half-cell potential, skin potential variations, and variations in skin and electrodes impedance.
Finally, in vivo measurements during voluntary contraction (IVV C ) were performed on eight subjects. It is widely accepted that, during muscle contraction, motor unit action potentials propagate along the muscle fiber with a velocity in the order of few m/s (Davies and Parker 1987; Li and Sakamoto 1996) . Therefore, it is reasonable to hypothesize that if the components at the vibration frequency and its harmonics consist mainly of stretch reflex, they should propagate along the muscle fiber similar to other EMG components. Conversely, if they do not propagate or propagate with different characteristics, it could be speculated that they are due to motion artifacts. Our IVV C measurements were designed to test this hypothesis. All the measurements were performed by a fully controlled dedicated setup (Xu et al. 2013) .
Method

Experimental setup
Actuator
The adopted actuator for VE was previously described in (Xu et al. 2013) , whose scheme is shown in Fig. 1 . Briefly, a three-phase permanent magnet motor (MSK060C, Bosch Rexroth, Boxtel, The Netherlands) is employed to generate a force consisting of a constant baseline force with superimposed sinusoidal vibrating force. An example of such vibrating force is shown in Fig. 2 . A 50-cm aluminum bar is mounted perpendicular to the motor output shaft to apply the generated vibrating force pulling down a rope. The position of the bar is measured by a rotary encoder embedded in the motor, providing a visual feedback to the training subject. The driving voltage to generate sinusoidal force patterns is generated by a National Instrument card (PCI-5402, National Instruments, Austin, TX, USA), which is connected to a PC and controlled by dedicated software implemented in LabView ® (National Instruments, Austin, TX, USA).
The force generated by the actuator was calibrated by means of a load cell LCAE-35 kg (Omega Engineering Inc., Stamford, CT, USA), which uses resistance-based force sensors (strain gauges) in full bridge configuration and is mounted on top of the bar. The measured voltage and strain-gauge data were fitted into a second-order linear model, as described in (Xu et al. 2013) . The calibration revealed a high correlation (r = 0.98) between the secondorder model fit and the measured data, ensuring accurate control on the applied force. According to our calibration, 
EMG recording
Surface EMG was recorded from the biceps brachii by three circular Ag-AgCl electrodes of 1-cm diameter (3M RedDot, Nadarzyn, Poland). The electrodes were aligned with the muscle fiber direction and placed between the tendon (at the elbow side) and the muscle belly. The inter-electrode distance was 2.5 cm. Two accelerometers were placed aligned with the recording electrodes to measure the movement of the electrodes, as shown in Fig. 3 . All the measured signals were amplified and digitized using a 72-channel Refa amplifier (TMS International, Enschede, The Netherlands). The sampling frequency for each channel was 2,048 Hz. Active shielding and grounding of the cables was used to minimize the powerline (50 Hz) interference. The ground electrode was placed on top of the clavicle on the right side of the subject.
Subjects
Eight male subjects (age = 28 ± 5 years) volunteered for the experiment. All the subjects were right-handed. They were healthy with no previous neurological disorder or injuries of the upper limbs. Written informed consent was obtained from every subject prior to participation in the study, and the test procedures were approved by the board of the Student Sport Centre of the Eindhoven University of Technology. 
Measurement protocol
In vitro measurements
IVT measurements were designed to test the motion artifacts caused by movement of the electrodes and the recording cables during vibration. They were carried out by connecting the sensing surface of the two electrodes together and then mounting them on top of the aluminum bar of the experimental setup, as shown in Fig. 4a . Six trials of 12-s sinusoidal vibration with different frequencies (0, 25, 35, 45, 55, and 65 Hz) were then applied to the electrodes through the bar in a random order. The adopted vibrating force was ± 40 N (Xu et al. 2013; Mischi and Cardinale 2009 ) around a baseline force equal to zero. An accelerometer was placed close to the electrodes to assess the resulting vibration of the bar. The bipolar electrode signal was recorded during vibration. Five repetitions were performed, and the average amplitude spectrum was derived and used for future analysis.
In vivo measurements at resting condition IVV R measurements aimed at investigating the motion artifacts caused by movement of the gel, skin potential variations, and skin and electrode impedance variations. The subjects were seated comfortably with their right wrist positioned on top of the aluminum bar of the experimental setup, as shown in Fig. 4b . The elbow was supported at a 90 angle to achieve a comfortable arm posture and optimal relaxation. The same 12-s vibrations used in IVT, namely 0, 25, 35, 45, 55, and 65 Hz, were applied to the wrist by the experimental setup. During vibration, EMG and acceleration signals were recorded from the biceps brachii (Fig. 3) .
In vivo measurements during voluntary contraction
IVV C measurements were designed to analyze the propagation of the EMG vibration component and the full EMG spectrum. For the IVV C measurements, the same experimental setup and electrode position as for the IVV R were used. Only the relative position between the elbow and the body needed to be changed to allow the subjects to correctly use the setup and perform voluntary contraction of the biceps (Fig. 4c) . The subjects were instructed to sit on the fitness bench positioned on the actuator and hold the handle with their elbow at 90 . Their position was monitored by the visual feedback provided by the rotary encoder embedded in the motor. The maximum voluntary contraction (MVC) was then estimated according to the following protocol. An increasing force was applied by the actuator until the subject could not sustain it. For each subject, the test was repeated three times, separated by 3-min recovery.
The subject MVC was then determined as the maximum value of the three repeated tests. After establishing the MVC, the subjects performed 12-s isometric contractions. The force, applied by the actuator to the elbow flexor muscles during the entire 12-s contraction, was the combination of a steady force at 60 % of the subject MVC and a superimposed vibration with a constant amplitude of 40 N. During the 12-s contraction, EMG and acceleration signals were recorded from the biceps (Fig. 3) by the amplifier. Six trials with different frequencies, the same as for IVT (0, 25, 35, 45, 55, 65 Hz) , were performed in random order, each one followed by a recovery period of 5 min.
Our preliminary test revealed different accelerations for the bar, the relaxed arm, and the contracted arm under the same vibrating force (40 N). This can be explained by the effects of tissue compliance. Soft tissue has been reported to act as wobbling masses that vibrate in a damped manner in response to mechanical vibration (Wakeling and Nigg 2001) . Changes in muscle tension are able to alter the resonance and damping coefficient of soft tissues. The use of the accelerometers was therefore essential to monitor the acceleration and provide a scaling factor to the EMG signals recorded at different test conditions to compare them (indicated in Fig. 3 ).
Signal processing
Spectrum analysis
To compare the amplitudes of the vibration frequency components (A VF ) under different test conditions, EMG spectrum analysis was performed. For each measurement, two bipolar signals were derived by subtracting the adjacent electrode signals (1-2 and 2-3, Fig. 3 ). The obtained bipolar signal was first band-pass filtered between 20 and 450 Hz by a finite impulse response filter. The time interval between 5 and 8 s of the vibration period was adopted to calculate the Fourier transform, providing a frequency resolution of 0.25 Hz and allowing the extraction of the A VF exactly at the vibration frequency.
Due to the effect of varying tissue compliance, direct comparison of the A VF extracted from different test conditions is not appropriate. A suitable solution was therefore to normalize them with the corresponding acceleration signals, assuming that motion artifacts are linearly related to the acceleration (Ödman and Oberg 1982) . The average of the two normalized A VF derived from the two bipolar signals was then used for the analysis.
CV estimation
The CV of the components at the vibration frequency without harmonics (CV VF ), the CV of the entire EMG signals 1 3 (CV EMG ), and the CV of the acceleration signals (CV ACC ) were estimated only on the signals recorded during IVV C measurements. The same epoch used for the spectrum analysis was also used for all the CV estimation. The recorded three unipolar signals were first normalized to obtain zero mean and unit variance. Two bipolar signals were then obtained by subtracting the normalized signals from adjacent electrodes (1-2 and 2-3, Fig. 3 ) and band-pass filtered between 20 and 450 Hz, similarly to what we did for the spectrum analysis.
To estimate the CV VF at a single frequency, the phase method described in (Hunter et al. 1987 ) was employed in this study. The cross-correlation function R xy (k) of the two bipolar signals, x and y, was then calculated as where k is the correlation function lag and N the number of samples.
The auto-correlation function R xx (k) of one of the bipolar signals, x, was calculated as The implemented phase method is based on the assumption that the two bipolar signals differ by pure time delay
without shape variation (Farina and Merletti 2004) . However, the assumption of pure temporal delay is not completely fulfilled and changes in the shape of the detected surface signals along the muscle fiber direction can be expected (Farina and Merletti 2004) . The coherence function C xy (f ) (Bendat and Piersol 1980) was therefore employed as a measure of the degree to which y is linearly related to x as a function of frequency f , where P xx (f ) and P yy (f ) are the power spectral densities of x and y, and P xy (f ) is the cross power spectral density of x and y. Previous studies have analyzed the EMG signals recorded on the biceps using stainless steel electrodes and reported low coherence for the components below 50 Hz (Hunter et al. 1987 ). Our measurements also indicated low coherence at lower frequency calculated using Welch's averaged modified periodogram method (Welch and Peter 1967) , as shown in Fig. 5 . Using coherence as an exclusion criterion, only those CV estimates with high coherence (>0.8) were taken into consideration.
The CV of the acceleration signals, CV ACC , at the vibration frequencies was also estimated using the phase method, providing a reference for the mechanical vibration waves.
Furthermore, to compare the propagation of the vibration components with normal EMG signals, the average CV of the full EMG spectrum, CV EMG , between 20 and 450 Hz was estimated using the cross-correlation function method in the time domain (Hunter et al. 1987) . In addition, the CV of the EMG signals recorded without vibration (vibration frequency = 0 Hz) was estimated. However, the cross-correlation function is discrete in the time lag, limiting the resolution of the estimated delay. A suitable solution to estimate the maximum value of the cross-correlation function was an interpolation around its peak value (±3 points in this study) by a second-order polynomial, which has been reported to provide performance comparable with those obtained by ideal interpolation over all the available values (Farina and Merletti 2000) . All the signal analysis was implemented in a custommade Matlab (Matlab 2011a, The Mathworks, Natick, MA, USA) program.
Statistical analysis
All data are presented as mean and SD. Paired Student's t tests (one tail, different variance) were performed to reveal the difference in A VF between different test conditions. Furthermore, CV VF was compared with CV EMG and CV ACC , using paired Student's t tests to establish the significance level (p value) of the mean values. For all the analyses, alpha was set at 0.05.
Results
Spectrum analysis
After normalization with respect to the corresponding acceleration signal, our spectrum analysis revealed a very small A VF (0.10 ± 0.05 µV/(m/s 2 )) for the IVT measurements. A significantly higher value (p < 0.05) was found in the IVV R measurements (0.23 ± 0.37 µV/(m/s 2 )). However, this value corresponded to only 7.6 % of that estimated from the IVV C measurements (3.03 ± 2.79 µV/(m/s 2 )), and their difference was significant (p < 0.05). Furthermore, during voluntary contraction, the normalized A VF increased for increasing vibration frequency. A representative example of the normalized spectrum for all the three test conditions is shown in Fig. 6 , and the average results for all the subjects are reported in Table 1 .
CV estimation
For the IVV C measurements, CV VF , CV EMG , and CV ACC were estimated and selected according to the value of the coherence function of the two recorded bipolar signals, whose average value is shown in Fig. 7 . CV estimates with coherence lower than 0.8 were excluded. After this exclusion, two subjects were included at 25 Hz and one at 35 Hz. For the other vibration frequencies, six subjects were included.
The CV estimation revealed an average value of 6.5 ± 2.4 m/s for CV VF , calculated by only using the components at the vibration frequency without harmonics. A slightly lower value was estimated for CV EMG (5.7 ± 1.5 m/s). An example indicating the propagation of the two EMG Fig. 8 , which is derived from the same signal used in Fig. 6c . In the absence of vibration, the average CV EMG over the six subjects was 5.6 ± 1.2 m/s. Furthermore, a significantly (p < 0.05) higher CV was found for the acceleration signals (127.3 ± 273.4 m/s). The average CV for all the subjects is reported in Table 2 .
Discussion
Spectrum analysis
IVT measurements were performed to test motion artifacts caused by cable and electrode movement, while IVV R measurements were performed to test motion artifacts generated by the skin-electrode interface during vibration. The small A VF observed in both measurements indicate minor contribution of motion artifacts to the EMG signal during VE. Some studies suggested that the highest motion artifacts may originate from the deformation of the skin under the electrode (Tam and Webster 1977; de Talhouet and Webster 1996) . We performed IVV R measurements with stretch deformation induced by pinching two clips to the skin on both sides of the recording electrodes (inner and outer arm, separated by 2 cm) and revealed no significant difference in the A VF , confirming the limited contribution of motion artifacts by skin stretch deformation to the EMG signal recorded during VE.
Due to the effects of tissue compliance in relation to muscle contraction, higher accelerations were observed in IVV C measurements as compared to IVV R measurements. Assuming motion artifacts to increase linearly with an increase in acceleration (Ödman and Oberg 1982) , the A VF extracted from different test conditions were normalized based on the corresponding acceleration signals. However, the linear relation between motion artifacts and acceleration should be studied more extensively. Some studies suggested that skin-stretch-related motion artifacts increase with the pressure applied to the skin in a logarithmic fashion (de Talhouet and Webster 1996) . A logarithmic relation between motion artifacts and acceleration could therefore be expected. This would in fact lead to an even larger difference in A VF between IVV C and IVV R measurements.
Our spectrum analysis results indicate that the sharp spectral peaks observed during VE may mainly consist of 4.6 ± 0 6.2 ± 0 16.0 ± 0 45 6.7 ± 2.0 5.7 ± 1.1 247.1 ± 492.0 55 7.2 ± 2.3 6.1 ± 0.6 57.3 ± 56.2 65 6.7 ± 2.2 6.1 ± 0.6 138.4 ± 164.2 Average 6.5 ± 2.4 5.7 ± 1.5 127.3 ± 273.4 Fig. 7 Average coherence of the EMG signal at adjacent electrodes for increasing frequencies stretch reflex, such as TVR, rather than motion artifacts. TVR has been suggested to originate from synchronized motor units firing during the vibration cycle (Martin and Park 1997) . It has been reported that the motor unit synchronization increases with increasing levels of initial muscle tension (Martin and Park 1997; Mischi and Cardinale 2009) . Therefore, it is reasonable to expect the relative contribution of motion artifacts to the vibration spectral peaks to decrease for higher levels of muscle contraction. Furthermore, Martin and Park (1997) previously found an increase in TVR with increasing vibration frequencies up to about 100 Hz in wrist and finger flexors muscles exposed to vibration. The increase in TVR was ascribed to an increase in motoneuron depolarization with the firing frequency of Ia-afferents, which leads to a recruitment of motor units with increasing threshold (Martin and Park 1997) . In our IVV C measurements, the A VF without normalization were found to increase for increasing vibration frequency up to 55 Hz and then decrease (Fig. 9) , supporting the hypothesis that those components at the vibration frequency may mostly consist of TVR. However, the cutoff frequency was lower in our measurements. This could not be explained by misbehavior of the Ia-afferents as in (Martin and Park 1997) since Ia-afferents were reported to be able to respond in 1:1 synchrony up to about 100-150 Hz . One possible explanation may relate to the vibration transmission chain in our measurements, which was more complicated as compared to (Martin and Park 1997) , possibly resulting in a lower mechanical cutoff frequency. Wrist, elbow, and muscle-tendon systems behave like a low-pass filter and can attenuate the transmission of vibration to the spindles, resulting in a decrease in driving Ia-afferents.
CV estimation
The adopted phase method provides an estimation of the CV VF at a single frequency, without resolution limitation (Hunter et al. 1987) . Moreover, by use of the phase method, band-pass filtering to select the peaks corresponding to the vibration frequency is no longer necessary, therefore avoiding possible phase distortion introduced by filtering (Ritzmann et al. 2010) . However, the phase method presents some limitations for the assessment of conduction velocity in the presence of shape changes between EMG signals recorded in adjacent channels (Farina and Merletti 2004) . This was the reason why the phase method was not adopted for the estimation of the CV for the entire EMG signals (CV EMG ), but only for the components at the vibration frequency, CV VF .
In fact, during IVV C , the signal to noise ratio (SNR) at the vibration frequency is much larger as compared to other frequency components (Fig. 6c) , especially at higher vibration frequencies. Moreover, to estimate CV VF , instead of directly calculating the phase difference between the two bipolar signals (Farina and Merletti 2004) , we estimated the phase of the impulse response function between the auto-correlation and cross-correlation (Eq. 3), which has been reported to exhibit a sharper peak at the true delay between the two bipolar signals (Hunter et al. 1987) . Finally, by employing the coherence function as a measure of the linear relation between the two signals, only the estimated CV VF with corresponding coherence higher than 0.8 were taken into consideration, further supporting the accuracy of our results.
The CV estimation indicates that the EMG vibration components (without harmonics) propagate along the muscle fiber with a velocity of approximately 6.5 m/s, which is significantly different from the measured propagation of the motion artifacts, as indicated by the acceleration signals. Furthermore, CV VF is comparable to CV EMG with and without vibration and all of them are in the range reported in the literature for EMG CV (Davies and Parker 1987; Li and Sakamoto 1996) . It is therefore reasonable to speculate that the EMG vibration components consist mainly of vibration-induced muscle activity. Two mechanisms may explain the small difference between CV VF and CV EMG .
First, the higher CV VF may result from motoneuron recruitment elicited by VE, involving primary spindle endings. As mentioned above, the increase in TVR during vibration was ascribed to the recruitment of motor units with increasing threshold, resulting from the increase in motoneuron depolarization with the firing frequency of Iaafferents (Martin and Park 1997) . In addition, motor units with high threshold have been suggested to have higher CV (Houtman et al. 2003) . Aside from the recruitment process of motor units, an alternative explanation can be proposed. As indicated in our results, even if the contribution of motion artifacts is small, they may still account for about 7.6 % of the A VF derived from IVV C . Our results also revealed a higher (about 10-20 times) CV for motion artifacts, as indicated by the acceleration signals. Therefore, combining both EMG signals and motion artifacts, the components at the vibration frequency may show a higher propagation velocity than EMG signals alone.
Comparison with literature
In contrast to our results, Fratini et al. (2009) suggested the sharp EMG spectral peaks observed during WBV to result from motion artifacts. This discrepancy can most likely be ascribed to methodological constraints in (Fratini et al. 2009 ). Fratini and co-authors studied the relevance of motion artifacts during WBV by placing electrodes on the patella, assuming that any signal recorded with those electrodes related to motion artifacts. However, the electrodes placed on the patella may also register cross talk from surrounding muscles. In fact, a considerable amount of cross talk has been recorded from electrodes placed above osseous structures (Ritzmann et al. 2010) .
It should be noted that the experimental setup in the present study is different compared to standard WBV devices. Our device provides force control, and vibration consists in the sinusoidal force modulation applied to the muscle rather than a varying displacement. However, a displacement can still be appreciated as a result of the force modulation and may vary depending on muscle tension and vibration frequency. For instance, for a 40-N force modulation at 45 Hz we measured a displacement of 1 mm. Ritzmann et al. (2010) was the first gathering evidence that the sharp EMG spectral peaks observed during WBV are due to stretch reflex. To this end, dummy electrodes were used and EMG signals recorded during WBV were compared with those evoked by an ankle ergometer. However, dummy electrodes are not adequate to record motion artifacts, since they do not take the skin into consideration, which has been reported as the most important source for motion artifacts (Kahn 1965; Tam and Webster 1977; Ödman and Oberg 1982; Ödman 1981; de Talhouet and Webster 1996) . In our study, IVV R measurements tested all the possible sources of motion artifacts and, indeed, revealed significantly higher artifacts as compared to IVT measurements. Furthermore, the match of the spectrum and the latencies between the EMG signals recorded during WBV and those evoked by the ankle ergometer in (Ritzmann et al. 2010) may not necessarily lead to their conclusion. The signals evoked by the ankle ergometer could be either motion artifacts or stretch reflex, the same as the EMG signals recorded during WBV, whose nature was under investigation in that study (Ritzmann et al. 2010) . In contrast, our CV estimation indicated that the EMG vibration components propagate along the muscle fiber with a velocity comparable with normal EMG signals, providing strong evidence for the minor contribution of motion artifacts to the EMG during VE.
Conclusion
In the present study, the EMG signals recorded during VE with different protocols were investigated by spectrum analysis and CV estimation. The results of our experiments support the hypothesis that, during VE, the observed sharp spectral peaks at the vibration frequency in the EMG recordings are more related to individual neuromuscular response to the vibration frequency than to motion artifacts. We may therefore conclude that these responses are induced by stretch reflex. These vibration frequency components may therefore be included in the analysis of EMG signals during VE to obtain more reliable EMG signals to study the neuromuscular response to a vibrating stimulation.
